The effect of water stress on respiration and mitochondrial electron transport has been studied in soybean (Glycine max) leaves, using the oxygen-isotope-fractionation technique. Treatments with three levels of water stress were applied by irrigation to replace 100%, 50%, and 0% of daily water use by transpiration. The levels of water stress were characterized in terms of lightsaturated stomatal conductance (g s ): well irrigated (g s . . Although net photosynthesis decreased by 40% and 70% under mild and severe water stress, respectively, the total respiratory oxygen uptake (V t ) was not significantly different at any water-stress level. However, severe water stress caused a significant shift of electrons from the cytochrome to the alternative pathway. The electron partitioning through the alternative pathway increased from 10% to 12% under well-watered or mild water-stress conditions to near 40% under severe water stress. Consequently, the calculated rate of mitochondrial ATP synthesis decreased by 32% under severe water stress. Unlike many other stresses, water stress did not affect the levels of mitochondrial alternative oxidase protein. This suggests a biochemical regulation (other than protein synthesis) that causes this mitochondrial electron shift.
Water stress is considered one of the most important factors limiting plant performance and yield worldwide (Boyer, 1982) . Effects of water stress on a plant's physiology, including growth (McDonald and Davies, 1996) , signaling pathways (Chaves et al., 2003) , gene expression (Bray, 1997 (Bray, , 2002 , and leaf photosynthesis (Lawlor and Cornic, 2002; Flexas et al., 2004) , have been studied extensively. Surprisingly, compared with other physiological processes, studies examining the effects of water stress on respiration are few (Hsiao, 1973; Amthor, 1989) , despite the importance of respiration in ecosystem annual net productivity (Valentini et al., 1999) and the fact that ecosystem respiration is strongly affected by water availability (Bowling et al., 2002) . Another important point to consider is the effect of water stress on the electron partitioning between the cytochrome and the cyanide-resistant, alternative pathway and its consequences for ATP synthesis. Unfortunately, the few studies that have focused on alternative respiration as affected by water stress (Zagdańska, 1995; Collier and Cummins, 1996; González-Meler et al., 1997) used specific inhibitors for the cytochrome (KCN) and alternative (salicylhydroxamic acid [SHAM] ) respiratory pathways; this methodology is now known to be invalid (Millar et al., 1995; Day et al., 1996; Lambers et al., 2005) . Currently, the only available system to measure electron partitioning between the two respiratory pathways and their actual activities is the use of the oxygen-isotope-fractionation technique McDonald et al., 2003; Ribas-Carbo et al., 2005) . This technique is based on the fact that the two terminal oxidases fractionate 18 O differently, with the cytochrome oxidase discriminating less than the alternative oxidase (AOX; Guy et al., 1989) . This differential fractionation is the basis of a methodology that allows the assessment of the electron partitioning between the cytochrome and alternative respiratory pathways in the absence of added inhibitors (Guy et al., 1989; Robinson et al., 1992 Robinson et al., , 1995 Ribas-Carbo et al., 1995 , 1997 Gastó n et al., 2003) . Using this technique, it has been observed that the electron transport through the alternative pathway increases under phosphate limitation (González-Meler et al., 2001) , during chilling recovery (Ribas-Carbo et al., 2000) , and by the application of allelochemicals (Peñ uelas et al., 1996) or herbicides inhibiting branched-chain amino acid synthesis (Gastó n et al., 2003) .
The biochemical regulation of the electron partitioning between the cytochrome and alternative pathways is quite complex because the two pathways that compete for electrons from the ubiquinone pool have their own regulation (Finnegan et al., 2004; Sluse and Jarmuszkiewicz, 2004; Lambers et al., 2005) . The cytochrome pathway, including Complex III and Complex IV, is strongly regulated by the proton gradient between the matrix and the intermembrane space, which in turn is directly affected by the mitochondrial ''respiratory control'' or ATP/ADP ratio (Millenaar and Lambers, 2003) . Changes in the ATP/ADP ratio could result from a change in the kinetics of the ATPase or from a change in the balance between ATP synthesis and demand. Furthermore, the cytochrome c oxidase can be inhibited by natural inhibitors such as carbon monoxide, cyanide, sulfide, or nitric oxide among others (Moore and Siedow, 1991; Millar and Day, 1996) . On the other hand, the alternative pathway has several mechanisms of biochemical regulation. AOX can be activated by pyruvate and other a-ketoacids (Millar et al., 1993) . Furthermore, the AOX in plants is present as a dimer and is regulated by a disulfide/sulfhydryl system (Umbach and Siedow, 1993; Lennon et al., 1995; Hiser et al., 1996; Vanlerberghe et al., 1999) , with the two subunits linked by disulfide bridges and with the reduced form being the active form and the oxidized form being almost inactive Siedow, 1993, 1996; Ribas-Carbo et al., 1997; Vanlerberghe et al., 1999) . It has been suggested that a mitochondrial thioredoxin might be involved in the regulation of the redox status of this disulfide bridge (Umbach and Siedow, 1993) . Finally, the maximum capacity of the AOX is determined by the total amount of AOX protein present (Vanlerberghe et al., 1994) . The expression of the AOX has previously been shown to increase under several stress situations (Millenaar and Lambers, 2003; Lambers et al., 2005) , such as low temperature (Stewart et al., 1990; Vanlerberghe and McIntosh, 1992) , low phosphate availability Juszczuk et al., 2001) , inhibition of the cytochrome pathway (Wagner et al., 1992) , the application of inhibitors of mitochondrial protein synthesis , and herbicides inhibiting branched-chain amino acid synthesis (Aubert et al., 1997) . This increase is remarkably strong under conditions where the production of reactive oxygen species (ROS), especially superoxide, occurs (Wagner and Krab, 1995) . Water stress, particularly combined with light, increases the risk of oxidative stress by increasing the presence of ROS in different cell compartments (Sgherri et al., 1993; Sgherri and Navari-Izzo, 1995; Bartoli et al., 2004) . Under these conditions, the alternative respiratory path could play a role in preventing the formation of damaging ROS. A possible role of the alternative pathway is in protecting plants from ROS or in sustaining respiration under situations where the cytochrome pathway is restricted (Wagner and Krab, 1995; Lennon et al., 1997; Lambers et al., 2005) . It has also been proposed that the cyanideresistant respiratory pathway could be involved in the prevention of the formation of ROS (Purvis, 1997; Maxwell et al., 1999) and programmed cell death (Vanlerberghe et al., 2002) . Finally, it has been suggested that ROS could be part of a signal or communication pathway indicating that there is a restriction of the activity of the cytochrome pathway (Wagner and Krab, 1995; Foyer and Noctor, 2003) .
Oxygen isotope fractionation measurements were combined with a suite of other measurements (respiration rate, photosynthetic rate, stomatal conductance, analysis of AOX, and porin proteins) to obtain a comprehensive view of the effect of water stress on leaf respiration at the protein and mitochondrial electron transport level.
RESULTS AND DISCUSSION
Water stress, induced by controlled watering, caused a progressive and concomitant decrease in net photosynthesis (A N ) and light-saturated stomatal conductance (g s ) in soybean (Glycine max) leaves (Fig. 1, A and B) . The severity of water stress has often been assessed by its effect on relative water content (RWC), leaf water potential (c), g s , or even A N . However, Flexas Figure 1 . Response of photosynthesis (A) and stomatal conductance (B) to water withdrawal. One-month-old soybean plants were watered with 100% (black circles), 50% (white squares), and 0% (white triangles) of the daily weight loss. Values are the average and errors bars are SE of five to 15 plants. Different letters denote significant differences (P , 0.05), at day 5, according to Duncan's multiple range test. et al. (2004) demonstrated that g s would be a more sensitive indicator of the severity of water stress in leaves, at least for comparative purposes in studies of photosynthesis. Generally, most metabolic downregulation of photosynthesis occurs before any change in RWC can be detected (Tardieu and Simonneau, 1998) . Therefore, to study the effects of water stress on respiration and mitochondrial electron partitioning and on AOX protein abundance, three different degrees of irrigation (100%, 50%, and 0%) were selected to achieve three g s intervals defined by Flexas et al. (2004) 
The Effect of Water Stress on Leaf Respiration
Respiration rates are presented per unit leaf area for comparison with rates of A N (Fig. 2) . Respiration averaged 0.54 mmol O 2 m 22 s 21 in control and mildly water-stressed plants. Under severe water stress, respiration was slightly lower (0.44 mmol O 2 m 22 s 21 ), although not significantly different. To the best of our knowledge, no previous study has analyzed the response of leaf respiration to water stress in soybean plants. Nevertheless, this observation agrees with some published studies in other species (Lawlor, 1976; Loboda, 1993; Flexas et al., 2005) . However, several other authors have found different results on the effect of water stress on respiration, ranging from decrease (Brix, 1962; Brown and Thomas, 1980; Palta and Nobel, 1989; Escalona et al., 1999; Ghashghaie et al., 2001; Haupt-Herting et al., 2001) to stimulation (Upchurch et al., 1955; Shearmann et al., 1972; Zagdań ska, 1995) . In all cases, as in this study, changes in respiration were much less than those in photosynthesis, causing a significant increase in the respiration/photosynthesis ratio under water stress, indicating that the role of respiration becomes more important as water stress develops.
The Effect of Water Stress on the Mitochondrial Electron Partitioning
Severe water stress induced large and significant changes on oxygen-isotope fractionation and, consequently, on the partitioning of electrons between the cytochrome and alternative pathways (Table I ; Fig. 2 ). This shift in fractionation shows that the participation of the cyanide-resistant alternative respiratory pathway (t a ) increased from 0.14 under well-watered conditions to 0.39 under severe water stress (Fig. 2) . Both pathways responded in opposite ways to severe water stress; while the cytochrome pathway declined significantly from 0.47 to 0.28 mmol O 2 m 22 s 21 (Fig. 2) , the alternative pathway increased from 0.07 to 0.17 mmol O 2 m 22 s 21 (Fig. 2 ). Previous observations on the effect of water stress on the partitioning between the two respiratory pathways using specific inhibitors showed inconclusive results. Zagdań ska (1995) observed in wheat that the SHAM-resistant cytochrome pathway increased under water stress, while Collier and Cummins (1996) showed in Saxifraga cernua that the CN-resistant component of respiration decreased as water deficit increased. On the other hand, Gonzalez-Meler et al. (1997) showed in bean and pepper leaves that water stress decreased SHAM-resistant respiration, with no effect on KCNresistant respiration. However, it is now well known that specific inhibitors cannot be used to assess the electron partitioning between the two respiratory pathways (Millar et al., 1995; Day et al., 1996; Lambers et al., 2005) . Consequently, many of these discrepancies might be due to a shift of electrons from one pathway to the other upon addition of a specific inhibitor of either of the two pathways. Furthermore, several authors have shown that, under different stress situations, changes in electron partitioning between the two respiratory pathways were mostly due to a decrease in the activity of the cytochrome pathway rather than an increase in the activity of the alternative pathway (Peñ uelas et al., 1996; Lambers et al., 2005) . However, this was not the case in this study, where an important increase in the activity of the alternative pathway coincided with a decrease in the cytochrome pathway.
The Effect of Water Stress on AOX Protein Levels
In a parallel experiment, carried out at a different time and location, the effect of water stress on Figure 2 . Effect of different levels of water stress on total respiration (V t ), the activities of the cytochrome (v cyt ), and alternative (v alt ) pathways and the partitioning through the alternative pathway (t a ). mitochondrial AOX protein abundance was studied both in soybean leaves and in mitochondria isolated from soybean leaves under control conditions and at two levels of water stress (mild and severe). Although in leaves it appeared that a mild water stress caused a slight increase in AOX protein abundance (Fig. 3) , this increase was mainly due to a minor increase in total mitochondrial protein, as shown by the anti-porin western blot (Fig. 3) . Therefore, from these results it can be concluded that water stress did not significantly affect AOX protein amount. This finding is supported by the results obtained with mitochondria isolated from leaves, where no significant changes were observed between well-watered and water-stressed plants (data not shown).
The present results seem to contradict previous observations that indicate that stresses, in general, increase AOX protein abundance (Millenaar and Lambers, 2003; Lambers et al., 2005) , especially under conditions where the production of ROS occurs (Wagner and Krab, 1995) , as is the case under water stress (Sgherri et al., 1993; Sgherri and Navari-Izzo, 1995) . The effects observed under severe water stress only resemble those described in studies of the effects of different light intensities. In these studies, the observed increases in the electron partitioning between the two respiratory pathways under high light (Noguchi et al., 2001 ) also were not accompanied by increases in AOX protein abundance (Noguchi et al., 2005) .
ATP Yield and Production
An important aspect of the effect of water stress on the activity of the two respiratory pathways is the change in ATP production. There is no ATP production when electrons are transported from the ubiquinone pool to the AOX (Moore and Siedow, 1991) .
Therefore, any increase of the cyanide-resistant alternative pathway activity at the expense of the cytochrome path implies a lower ATP yield per oxygen consumed. Figure 4 shows the results of a calculation of the rate of ATP synthesis, based on measured activities of the two respiratory pathways. This calculation assumes that Complex I consumes all mitochondrial NADH and that there are no leaks across the inner membrane (Amthor, 1994; Noguchi et al., 2001) . Figure 4 shows that there was a significant decrease in mitochondrial ATP synthesis under severe water stress in soybean leaves. Under well-watered and mild water-stress conditions, the rate of ATP synthesis was about 2.4 mmol ATP m 22 s 21 , while under severe water stress the rate of ATP production dropped to about 1.6 mmol ATP m 22 s 21 .
Final Considerations
The relative importance of respiration in the plant's overall biochemistry becomes relatively more important under water-stress situations, when photosynthesis declines. As shown in Figure 1A , photosynthesis decreased by about 70% while the respiration rate was not significantly affected under severe water stress (Fig. 2) . This relative importance of respiration is even more significant because severe water stress changes the electron partitioning between the two respiratory pathways (Fig. 2) , and, as a consequence, the rate of mitochondrial ATP synthesis decreases by 32% (Fig.  4) . The response of ATP synthesis to severe water stress in this study agrees with a similar response of the ATP concentration in leaves, as presented by Flexas et al. (2004) , using data compiled from the literature. Tezara et al. (1999) interpreted the decline in leaf ATP concentration during water stress as an Figure 3 . Immunoblots of AOX protein and porin in leaves from soybean under different watering regimes. Lane 1, control, 100% watering; lane 2, mild water stress, 50% watering; lane 3, severe water stress, 0% watering. Three leaves per treatment were collected at day 5 after the start of the treatment (Fig. 1) . Seventy-five microliters of extracted protein (approximately 18.75 mg FW) were loaded onto each lane. Quantified data are also shown. indicator of impaired photophosphorylation, which was considered the main factor limiting photosynthesis under water stress. However, the close agreement of the present results with those published by Flexas et al. (2004) suggests an additional interpretation: Reduced leaf ATP concentrations in leaves under severe water stress may, at least partially, reflect changes in the partitioning of electrons between the cytochrome and the alternative pathways in the mitochondria.
The cytochrome and AOX are at the end of two branches in the respiratory electron transport chain. As reviewed above, this electron transport can be regulated by (1) the input to the chain from glycolysis and other catabolic pathways; (2) the kinetics of the AOX; and (3) the kinetics of the cytochrome pathway. If any one of these factors were to change, the rate of electron flow through the system and the partitioning to the two oxidases could all change. Total respiration (Fig. 2) , total soluble sugar concentrations (data not shown), and AOX protein content (Fig. 3) were not affected by water stress. It is likely that starch levels declined due to the decrease in rate of photosynthesis under severe water stress, and this decrease could account for the decrease in the activity of the cytochrome pathway. However, it cannot explain the increase in the activity of the alternative pathway. Therefore, the change in mitochondrial electron partitioning must be the result of subtle biochemical controls operating on the kinetics of the enzymes in these pathways. In principle, the observed increase in the activity of the alternative pathway with a concomitant decrease in the activity of the cytochrome pathway could be caused by either an activation of the alternative pathway that would allow AOX to withdraw electrons from the cytochrome pathway by competition or by an inhibition of the cytochrome pathway that would induce an increase on the redox status of the ubiquinone pool to a level that would be able to donate electrons to the alternative pathway. In isolated mitochondria, activation of the AOX by pyruvate or by an increase on the reduction status of the disulfide bridge caused an increase in AOX activity but also an increase in total oxygen uptake , 1997 . The unchanged rate of total respiration (Fig. 2) could indicate that in intact tissues there is a strong biochemical control upstream of the ubiquinone pool, even under severe water stress. On the other hand, the observed increase in the activity of the alternative pathway without any increase in total AOX protein could also be due to an increase in the redox status of the ubiquinone pool (Qr/Qt). In general, an increase in Qr/Qt would result in an increase of the activities of both cytochrome and alternative pathways (Dry et al., 1989; Moore and Siedow, 1991; Millenaar et al., 1998) . However, this was not the case under severe water stress, where the increase in alternative pathway activity was concomitant with a decrease in the cytochrome pathway activity. Such differential decrease of the cytochrome pathway activity might be explained by two mechanisms: a direct inhibition of the cytochrome oxidase, as observed by Peñ uelas et al. (1996) in studies with allelochemicals, or an increase in the ATP/ADP ratio due to a significant decrease in ATP demand, which would somehow simulate a transition from state 3 to state 4 in the mitochondrial electron transport (Krab, 1995) . From our results, the latter mechanism seems the most likely to occur because a decreased demand for ATP is to be expected under severe water stress as a consequence of the observed decreases in growth, photosynthesis, and photorespiration (Flexas and Medrano, 2002) . This increase in alternative path activity should certainly maintain a lower redox status of the ubiquinone pool and, consequently, reduce the formation of ROS, which has been described one of the main negative effects of severe water stress (Hsiao, 1973) .
In this study, we measured respiration in the dark during the day, which might change substrate supply and sink demand compared with normal nocturnal conditions. However, the present results do emphasize the important role that respiration plays in the plant's carbon balance and, consequently, in ecosystem annual net productivity (Valentini et al., 1999) and crop production (Amthor, 1989) , and that the efficiency of respiration is modified under severe water stress.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Soybean (Glycine max) seeds were treated with 0.5% (v/v) NaOCl for 10 min and allowed to swell in distilled water for 2 h with continuous bubbling of air. Seeds were planted in separate trays of a mixture of sand and perlite (1:1) and placed in a growth chamber at constant temperature (25°C) and 600 mmol m 22 s 21 with a 14:10 light:dark regime. Seedlings were watered twice a day. Five days after germination, plants were placed in 2-L pots and watered daily with standard nutrient solution for 30 d. Plants were then watered to field capacity, weighed, and divided into three groups with different watering regimes. Thereafter, they were watered with 100%, 50%, and 0% of the daily consumed water to achieve different degrees of water stress. Two experiments were carried out in parallel, one for the respiration measurements and the other for AOX protein analysis in intact leaves and isolated mitochondria. Although both experiments were separated in time and place, plants were grown under similar conditions and watered according to the same procedure. A N and g s were measured in both parallel experiments, to determine the degree of water stress.
Gas-Exchange Measurements
A N and g s were measured with an open gas-exchange system (Li-6400; LI-COR). Analyses were done on the youngest, fully mature leaves. Measuring conditions were 1,500 mmol photons m 22 s 21 , 25°C, and a relative humidity near 50%.
Respiratory Measurements on Intact Tissues
For respiratory analyses, a plant was placed in the dark for 30 min after gas-exchange analysis to avoid any light-enhanced dark respiration. Then, the same leaf area used for photosynthesis measurements was cut into a leaf disc, immediately weighed (fresh weight), and placed in the closed respiration chamber for respiration analysis.
Total respiration as well as cytochrome and alternative respiratory activities were determined using a gas-phase system connected to a dual-inlet mass spectrometer. Leaf discs (0.2-0.3 g fresh weight) were placed in a 3-mL stainless-steel, closed cuvette. All experiments were carried out at controlled room temperature (25°C).
Oxygen-isotope fractionation during respiration was measured as described by Gastó n et al. (2003) . The measuring system consisted of a 3-mL stainless-steel closed cuvette from which 200 mL of air was sequentially withdrawn and fed into a dual-inlet mass spectrometer sample bellows. The mass spectrometer (Finnigan Delta S; Thermo Finnigan) simultaneously measured m/z 34/32 ( 18 O 2 / 16 O 2 ) and m/z 32/28 (O 2 /N 2 ) ratios. These values were obtained from the sample and the standard air with a dual-inlet analysis with four replicate cycles of each respiration measurement. During inhibitory treatments, either 1.0 mM KCN (in 1 mM TES, pH 5 8) or 10 mM SHAM (in water from a 1.0 M stock in dimethylsulfoxide) was applied by sandwiching the plant tissues between medical wipes soaked with the corresponding inhibitor. No recovery from inhibitor treatment was observed, as respiratory rates were constant throughout the experiment. All stocks were freshly prepared before measurement. In addition, for KCN experiments, a piece of tissue wetted with KCN was present in the cuvette. Calculations of isotopic fractionation were made as described by Guy et al. (1989) and RibasCarbo et al. (1995) , without argon correction, and electron partitioning between the two pathways in the absence of inhibitors was calculated as described by Guy et al. (1989) . The r 2 values of all unconstrained linear regressions between 2ln f and ln (R/R o ), with a minimum of five data points, were at least 0.995, considered minimally acceptable , 1997 Lennon et al., 1997) . The electron partitioning through the alternative pathway (t a ) was calculated as follows:
where Dn, Dc, and Da are the isotope fractionation in the absence of inhibitors, in the presence of SHAM, and in the presence of KCN, respectively. Dc and Da were 18.9& and 30.7&, respectively. The individual activities of the cytochrome (v cyt ) and alternative pathway (v alt ) were obtained from multiplying the total oxygen uptake (V t ) by the partitioning to each pathway as follows.
The formula used for calculating mitochondrial ATP production assumes that there is no proton leak across the inner mitochondrial membrane and that all mitochondrial NADH is oxidized by Complex I (Amthor, 1994; Noguchi et al., 2001 ).
ATP5ð29=6 3 v cyt Þ1ð11=6 3 v alt Þ
Isolation of Mitochondria
Mitochondria were isolated according to the methods of Day et al. (1985) and Taylor et al. (2002) , from 20 to 60 g of leaves. Leaves were disrupted with a Polytron (Kinematica) in 250 mL of cold extraction medium (0.3 M Suc, 25 mM tetra-sodium pyrophosphate, 10 mM KH 2 PO 4 , 2 mM EDTA, 1% [w/v] PVP-40, 1% [w/v] bovine serum albumin [BSA] , 20 mM ascorbate, pH 7.5). The homogenate was filtered through four layers of Miracloth and centrifuged for 5 min at 1,100g. The supernatant was centrifuged for 20 min at 18,000g, and the pellet was resuspended in 200 mL of wash medium (0.3 M Suc, 10 mM TES, 0.1% [w/v] BSA, pH 7.5), and centrifuged for 5 min at 1,100g. The supernatant was centrifuged for 20 min at 18,000g, and the pellet was resuspended in 10 mL of wash medium. Aliquots of 5 mL were then layered over 27.5 mL of solution (0.3 M Suc, 10 mM TES, 0.1% [w/v] BSA, 28% and 32% [v/v] Percoll, and a linear gradient of 0%-4.4% [w/v] PVP-40, pH 7.5) in a centrifuge tube, and centrifuged for 40 min at 40,000g. The mitochondria were found as a tight, light-yellow-brown band near the bottom of the tube. The mitochondrial fraction was removed and diluted in 250 mL of wash medium, and centrifuged at 31,000g for 15 min. The supernatant was removed, and this wash was repeated. The final mitochondrial pellet was resuspended in approximately 1 mL of wash medium.
Protein Analysis
Protein concentrations were determined by the method of Peterson (1977) , using BSA as a standard.
SDS-PAGE and Western Blotting
For isolated mitochondria, aliquots containing 60 mg protein were solubilized in sample buffer (2% [w/v] SDS, 62.5 mM Tris-HCl, pH 6.8, 10% [v/v] glycerol, 0.002% [w/v] bromphenol blue, 10% [v/v] b-mercaptoethanol) and boiled for 5 min and loaded per lane for SDS-PAGE. For whole-tissue extracts, 250 mg fresh weight of leaves was snap frozen in liquid nitrogen, and the sample was crushed to a fine powder with a mortar and pestle. Samples were then solubilized in 1 mL of the sample buffer, boiled for 5 min, and centrifuged at 10,000g for 5 min; 75 mL of the supernatant was loaded per lane for SDS-PAGE.
Prepared samples were separated by electrophoresis under denaturing reducing conditions on 0.1% (w/v) SDS, 12% (w/v) polyacrylamide gels according to Laemmli (1970) . For immunoreaction experiments, proteins were electroblotted from SDS-PAGE gels onto Hybond-C1 extra membrane (Amersham Pharmacia Biotech) using a Hoefer Semi-Phor semidry blotting apparatus (Amersham Pharmacia Biotech) and blocked. Mitochondrial proteins were probed with the primary antibodies, anti-AOX serum (Elthon et al., 1989) , and 1/100 dilution of anti-porin serum. Chemiluminescence was used for detection of horseradish peroxidase-conjugated secondary antibodies and visualized using LAS 1000 (Fuji). The blots were quantified using the Image Gauge v3.0 software (Fuji) with the control band denoted as 100%; other bands were calculated relative to that value.
Statistical Analysis
The results presented are the means with standard errors of five to 15 replicates. Means were compared by one-way ANOVA and Duncan's multiple range test at the 5% level of significance using SPSS (version 10.0).
